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What we will show
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• Plutonium has a propensity to make short bonds. Pu is its own impurity—
Lawson calls it a self-intermetallic.

• What we are sure of  and what is suspect in observing aging.

• Short-bond Pu defects lead to a workable quantitative model of  aging.

• The model is falsifiable; we make testable predictions.



δ-plutonium has differences from other fcc metals that have been 
overlooked in attempts to understand damage
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Pu as its own impurity (1)
The thermodynamically-stable α−phase at room temperature has two groups of  bonds
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• At room temperature, Pu wants to be α.

• Unlike other fcc and bcc metals, defects and radiation damage in 
δ−plutonium have an “escape route” into short bonds. 

• Short bonds can absorb radiation damage and thermal defects 
easily.



Pu as its own impurity (2) 
δ’–Pu likely not a phase but a route to easy-to-make short bonds
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• δ’–Pu is never observed by itself. Either the δ or ε 
phase is always present.

• The errors in determining structure are huge.

• The latent heat is essentially zero.

• The tetragonal distortion is tiny.



Pu as its own impurity (3) 
δ’–is a strain-induced distortion leading to short-bonds.
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δ-Pu is very soft (softer than Pb) and has an especially soft 110 shear 
mode.

The ratio c44 /c* =7 is the shear anisotropy. It is the largest for any fcc
metal.

Poisson’s ratio is about 0.43 along the soft direction, making Pu nearly like 
a liquid when squeezed in this direction.

δ’ may just be a manifestation of  strain field. But this is one easy route to 
short bonds in the fcc structure.

fcc 0.4637 nm
bct 0.4637 nm 0.328 nm ratio 

bct 0.444 nm 0.334 nm ratio 1.06x

bcc 0.36361 nm

2

2

δ

δ’

ε



What is suspect (1)
the Frenkel-pair picture of  radiation damage in δ-plutonium
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u

From LA Science, a string of  assumptions based on assuming 
Pu is an ordinary fcc metal:

“assessment of  radiation damage in gallium stabilized δ-phase 
plutonium by assuming it is a … “normal” face-centered-cubic 
(fcc) metal(s)… it has lattice defect properties consistent with 
those of  other fcc metals such as nickel, copper, and 
austenitic stainless steels.”

“To calculate the number of  displacements, we need to know 
the so-called displacement energy, Ed, …
not yet been measured, but …≅ 14 electron volts.”

This is huge!!  It takes about 100meV/atom to melt. 

This yields, btw, 1 dpa=14.7 years based on cascading and 
questionable assumptions. dpa is not a useful number.
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Before we get to the next bit…



What  is suspect (2)
diffraction studies do not show density decreases with age
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Of the several sample of  δ-plutonium 
used for this study, some had excessive 
Ga, some were not “homogenized”.

The only result for a well-homogenized 2 
at.% Ga sample (open circles) shows no 
change (my fit in red) in lattice parameter 
with time.

The lattice parameter is not useful for 
determining density in the presence of  
defects.

The difference between actual density 
and x-ray density is well studied and 
thermallpy activated.



What is suspect (3)
density ands dilatometry studies do not show with any certainty that 

density decreases with age
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= 80ppm/yr

~3000ppm

~4500ppm

210-270±70ppm/year. (Mulford, 2002 LA-UR-02-1045)
Robbie did the best she could but unknown
systematic variations remain.

~200-300 
ppm/year

(Freibert, 2005 LA-UR-05-9007) too much scatter
to be of use.
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transient
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uncertainties
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Age, Years

Ratio of densities, final to original
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induction model
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		age,years				data point						value		uncertainty		value +u		value-u				ratio		uncertainty		value +u		value-u

		15				1690		T

		15				1690		N
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		13				2845		N				15.7919		0.0001		15.792		15.7918				0.997849		0.063971		1.06182		0.933878

		37				6393		T				15.699		0.001		15.7		15.698				0.996129		0.063886		1.060015		0.932243

		37				6393		N				15.7057		0.0004		15.7061		15.7053				0.996555		0.063875		1.06043		0.93268

		38				7036		T				15.6826		0.0004		15.683		15.6822				0.995089		0.063781		1.05887		0.931308

		38				7036		N				15.654		0.007		15.661		15.647				0.993274		0.064084		1.057358		0.92919

						1995		T				15.81

						1995		N				15.83

		29.5				6930		T				15.72		0.001		15.721		15.719		0.9974619289		0.997462		0.063971		1.061433		0.933491

		29.5				6930		N				15.7213		0.0008		15.7221		15.7205				0.997544		0.0316987309		1.0292427309		0.9658452691

		28.5				7418		T				15.7417		0.0007		15.7424		15.741				0.998839		0.06404		1.062879		0.934799

		28.5				7418		N				15.7351		0.0009		15.736		15.7342				0.99842		0.031732868		1.030152868		0.966687132

		29				8307		T				15.714		0.001		15.715		15.713				0.997081		0.063947		1.061028		0.933134

		29				8307		N				15.7555		0.0004		15.7559		15.7551				0.999714		0.0317421954		1.0314561954		0.9679718046

		30				6747		T				15.723		0.004		15.727		15.719				0.997652		0.064174		1.061826		0.933478

		30				6747		N

		29				1856		T

		29				1856		N				15.75488		0.00003		15.75491		15.75485				0.999675		0.064052		1.063727		0.935623

		31				1698		T				15.727		0.0004		15.7274		15.7266				0.997906		0.063962		1.061868		0.933944

		31				1698		N

		29				6365		T				15.718		0.001		15.719		15.717				0.997335		0.063963		1.061298		0.933372

		29				6365		N				15.7372		0.0004		15.7376		15.7368				0.998553		0.064003		1.062556		0.93455

		30				5598		T				15.7064		0.0008		15.7072		15.7056				0.996599		0.063903		1.060502		0.932696

		30				5598		N				15.725		0.003		15.728		15.722				0.997779		0.064118		1.061897		0.933661

		30				3274		T				15.7556		0.0007		15.7563		15.7549				0.999721		0.064097		1.063818		0.935624

		30				3274		N				15.7261		0.0006		15.7267		15.7255				0.997849		0.063971		1.06182		0.933878

		31				5000		T				15.7148		0.0009		15.7157		15.7139				0.997132		0.063944		1.061076		0.933188

		31				5000		N				15.7121		0.0002		15.7123		15.7119				0.996961		0.063888		1.060849		0.933073

		31				6110		T				15.721		0.002		15.723		15.719				0.997525		0.064039		1.061564		0.933486

		31				6110		N				15.7289		0.0007		15.7296		15.7282				0.998027		0.063988		1.062015		0.934039

		30				8751		T				15.719		0.001		15.72		15.718				0.997398		0.063967		1.061365		0.933431

		30				8751		N				15.718		0.001		15.719		15.717				0.997335		0.063963		1.061298		0.933372

		30				8711		T				15.7157		0.0008		15.7165		15.7149				0.997189		0.063941		1.06113		0.933248

		30				8711		N				15.7116		0.0007		15.7123		15.7109				0.996929		0.063918		1.060847		0.933011

		30				6668		T				15.717		0.001		15.718		15.716				0.997272		0.063959		1.061231		0.933313

		30				6668		N

		30				8146		T				15.7202		0.0005		15.7207		15.7197				0.997475		0.06394		1.061415		0.933535

		30				8146		N				15.7186		0.0002		15.7188		15.7184				0.997373		0.063915		1.061288		0.933458

		37				4078		T				15.7404		0.0008		15.7412		15.7396				0.998756		0.064042		1.062798		0.934714

		37				4078		N				15.739		0.001		15.74		15.738				0.998668		0.064049		1.062717		0.934619

				2001-02 pts below

		42		83		5227-N-A1						15.645		0.001		15.646		15.644				0.9927030457		0.06394		1.0566430457		0.9287630457

		42		83		5227-N-A2						15.6542		0.0004		15.6546		15.6538				0.993286802		0.063915		1.057201802		0.929371802

		42		83		5227-N-AA1						15.6594		0.0008		15.6602		15.6586				0.9936167513		0.064042		1.0576587513		0.9295747513

		42		83		5227-N-AA2						15.670		0.001		15.671		15.669				0.9942893401		0.064049		1.0583383401		0.9302403401

		39		93		6190-T-A1						15.693		0.002		15.695		15.691				0.995748731		0.063903		1.059651731		0.931845731

		39		93		6190-T-A2						15.6687		0.0006		15.6693		15.6681				0.9942068528		0.064118		1.0583248528		0.9300888528

		39		93		6190-T-AA1						15.687		0.001		15.688		15.686				0.9953680203		0.064097		1.0594650203		0.9312710203

		39		93		6190-T-AA2						15.689		0.003		15.692		15.686				0.9954949239		0.063971		1.0594659239		0.9315239239

		39		93		6190-N-A1						15.672		0.002		15.674		15.67				0.9944162437		0.063944		1.0583602437		0.9304722437

		39		93		6190-N-A2						15.6957		0.0004		15.6961		15.6953				0.9959200508		0.063888		1.0598080508		0.9320320508

		39		93		6190-N-AA1						15.673		0.001		15.674		15.672				0.9944796954		0.063944		1.0584236954		0.9305356954

		39		93		6190-N-AA2						15.6697		0.0009		15.6706		15.6688				0.9942703046		0.063888		1.0581583046		0.9303823046

		42		83		6221-N-A						15.6939		0.0008		15.6947		15.6931				0.9958058376		0.063963		1.0597688376		0.9318428376

		42		83		6221-N-AA						15.6959		0.0007		15.6966		15.6952				0.9959327411		0.063941		1.0598737411		0.9319917411

		42		83		6221-T-A						15.7279		0.0006		15.7285		15.7273				0.997963198		0.063918		1.061881198		0.934045198

		42		83		6221-T-AA						15.7064		0.0004		15.7068		15.706				0.9965989848		0.063959		1.0605579848		0.9326399848

		40		93		7048-T-A1						15.701		0.001		15.702		15.7				0.9962563452		0.06394		1.0601963452		0.9323163452

		40		93		7048-T-A2						15.6833		0.0006		15.6839		15.6827				0.9951332487		0.063915		1.0590482487		0.9312182487

		40		93		7048-T-AA1						15.696		0.001		15.697		15.695				0.9959390863		0.064042		1.0599810863		0.9318970863

		40		93		7048-T-AA2						15.703		0.001		15.704		15.702				0.9963832487		0.063903		1.0602862487		0.9324802487

		40		93		7048-N-A1						15.681		0.001		15.682		15.68				0.9949873096		0.064118		1.0591053096		0.9308693096

		40		93		7048-N-A2						15.6788		0.0005		15.6793		15.6783				0.9948477157		0.064097		1.0589447157		0.9307507157

		40		93		7048-N-AA1						15.6842		0.0002		15.6844		15.684				0.9951903553		0.063971		1.0591613553		0.9312193553

		40		93		7048-N-AA2						15.68269		0.00007		15.68276		15.68262				0.9950945431		0.063944		1.0590385431		0.9311505431

		38		74		28645-N-A						15.727		0.001		15.728		15.726				0.9979060914		0.064118		1.0620240914		0.9337880914

		38		74		28645-N-AA						15.7214		0.0004		15.7218		15.721				0.9975507614		0.064097		1.0616477614		0.9334537614

		38		74		28645-T-A						15.709		0.003		15.712		15.706				0.9967639594		0.063971		1.0607349594		0.9327929594

		38		74		28645-T-AA						15.7083		0.0009		15.7092		15.7074				0.9967195431		0.063944		1.0606635431		0.9327755431

		40		79		8433-N-A						15.6380		0.0004		15.6384		15.6376				0.9922588832		0.063944		1.0562028832		0.9283148832

		40		79		8433-N-AA						15.6515		0.0006		15.6521		15.6509				0.9931154822		0.000203		0.9933184822		0.9929124822

		40		79		8433-T-A						15.6842		0.0007		15.6849		15.6835				0.9951903553		0.000203		0.9953933553		0.9949873553

		40		79		8433-T-AA						15.6915		0.0002		15.6917		15.6913				0.9956535533		0.000203		0.9958565533		0.9954505533

		41		93		5286 -T-A1						15.6637		0.0005		15.6642		15.6632				0.9938895939		0.064097		1.0579865939		0.9297925939

		41		93		5286 -T-A2						15.666		0.001		15.667		15.665				0.994035533		0.064097		1.058132533		0.929938533

		41		93		5286 -T-AA1						15.6614		0.0004		15.6618		15.661				0.9937436548		0.063971		1.0577146548		0.9297726548

		41		93		5286 -T-AA2						15.6610		0.0006		15.6616		15.6604				0.9937182741		0.063944		1.0576622741		0.9297742741

		41		93		5286 -N-A1						15.6449		0.0008		15.6457		15.6441				0.9926967005		0.063944		1.0566407005		0.9287527005

		41		93		5286 -N-A2						15.627		0.003		15.63		15.624				0.9915609137		0.000203		0.9917639137		0.9913579137

		41		93		5286 -N-AA1						15.651		0.001		15.652		15.65				0.9930837563		0.000203		0.9932867563		0.9928807563

		41		93		5286 -N-AA2						15.65		0.001		15.651		15.649				0.9930203046		0.000203		0.9932233046		0.9928173046

		28		2574		5822 T A						15.7115		0.0002		15.7117		15.7113				0.9969225888		0.064097		1.0610195888		0.9328255888

		28		2574		5822 T AA						15.7163		0.0007		15.717		15.7156				0.9972271574		0.064097		1.0613241574		0.9331301574

		28		2574		5822 N A						15.718		0.0002		15.7182		15.7178				0.9973350254		0.063971		1.0613060254		0.9333640254

		28		2574		5822 N AA						15.718		0.001		15.719		15.717				0.9973350254		0.063944		1.0612790254		0.9333910254

		28		2574		4822 T AA						15.723		0.0006		15.7236		15.7224				0.9976522843		0.063944		1.0615962843		0.9337082843

		28		2574		4822 T  A						15.7562		0.0004		15.7566		15.7558				0.9997588832		0.000203		0.9999618832		0.9995558832

		28		2574		4822 N A						15.7222		0.0005		15.7227		15.7217				0.9976015228		0.000203		0.9978045228		0.9973985228

		28		2574		4822 N AA						15.7329		0.0006		15.7335		15.7323				0.9982804569		0.000203		0.9984834569		0.9980774569

		28		2406		1787 N A						15.7349		0.0005		15.7354		15.7344				0.9984073604

																										std devns

				intercept		15.87479						15.6804166667		mean <15 yrs								0.997538		mean of old old		0.0008481875

		0																				0.9945875635		mean <15yrs

		25		15.87479								15.71		15.76		0.9968274112						-0.0005329949		slope <15 yrs ratios

		42		15.87017								15.71				0.9968274						-0.00847		slope <15 yrs raw

		25										15.81		15.76		1.0031725888		old old		all old		0.9962540375		mean of all old		0.0016222397

		12										15.81				1.003172589		0.997538		0.9962540375		0.9954155314		mean of new old		0.001517739

		0										15.75		15.81		0.9962049336		0.997538		0.9962540375		0.9954155314

		16										15.75				0.99620434		0.9983861875		0.9978762773		0.9969332705

		9										15.87		15.81		1.0037950664		0.9983861875		0.9978762773		0.9969332705

		16										15.87				1.003795066		0.9966898125		0.9946317978		0.9938977924

		9										15.7874		0		0.997923		0.9966898125		0.9946317978		0.9938977924

		30										15.7874		42		0.997923

		induction model

		slope		-0.0033844464

		intercept		15.826963324

		intersection, yrs		11.6897476498

		11.6897476										15.7874

		45										15.6746632375

		slope of all old data														slope of all old ratio data

		slope		-0.0033844464												slope		-0.0002147353

		intercept		15.826963324												intercept		1.0042484779

		0										15.826963324				0										1.004

		45										15.6746632375				45										0.9945853897

		slope of all data														slope of all ratio data

		slope		-0.0043141411												slope		-0.0002737364

		intercept		15.853290289												intercept		1.005919299

		0										15.853290289				0										1.005

		45										15.6591539417				45										0.9936011598

		slope of all data >30yrs

		slope

		intercept		15.8466214182

		0

		45

		mean of old old		mean		1 std devn				1 std devn

		27		0.997538		0.9983861875				0.9966898125

		32		0.997538		0.9983861875				0.9966898125

		mean of new old

		38		0.9954155314		0.9969332705				0.9938977924

		44		0.9954155314		0.9969332705				0.9938977924

		mean of all old

		10		0.9962540375		0.9978762773				0.9946317978

		23		0.9962540375		0.9978762773				0.9946317978
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A missing systematic correction to immersion density measurements
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What we know (1)
Two thermodynamic properties are very unusual
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What we know (2)
The elastic moduli of  both δ- and α- Pu increase with age at about the same rate
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What we know (3)
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• Exponential decay factor for 239Pu is 1.1x1012 s, or about 34,770 years. 

• In one year, about 30 ppm of  Pu is converted to U and He atoms. 

• 85 keV of  energy to the uranium, 5.2 Mev to the alpha, and a spectrum of  mostly low energy gamma rays with the most 
probable at 51 keV. 

• Most decay energy is converted immediately to heat, about 1.9 mW/g. Some energy remains trapped. It is that thermally-
recoverable energy that we are trying to understand. 

• Most of  the alpha particle energy is deposited to electrons and then to heat: little local heating, 10µm-long track. 

• Most of  the U energy is deposited directly as heat. 
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How differential scanning calorimetry works
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What we know (4)
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What we know (5)
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α- Pu as δ- Pu with long-bond short-bond Pu impurities (1)
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Neglecting duplicates we have:

• 12 long bond-short bond pairs using 24 atoms.

• 17 long bonds.

• Thus about 60% of  the unit cell is long bond-short-
bond pairs.



α- Pu as δ- Pu with long-bond short-bond Pu impurities (2)
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How can radiation damage induce bond defects and what do they do?

• From decay flash heating, regions of  about 100nm radius must produce pressure pulses 
from thermal expansion, just what is needed to compress the alloy toward the α-phase, 
destabilizing locally δ-Pu.

• Such an effect can also change locally an δ-Pu specimen by creating excess short 
bonds. 

• Both the U and the flash heating can produce short bonds, so that two time scales are 
expected.

• 50 J/g (100 meV/atom) takes Pu from ambient temperature to melt.

• The energy is deposited locally, so each decay can raise 106 Pu atoms above melt.

• In about 20 days, the U recoil deposits 50J/g, raising all the atoms, more or less, above 
melt. This is the DSC time scale.



Effects of  radiation damage in δ- Pu (1)
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Considering the as an impurity, we can find what the bulk modulus B of  the impurity must be to 
make adding that impurity to δ- Pu into δ- Pu by making the pressure everywhere the same for a 
small volume change dV.

Ns short-bond
long-bond pairs

Nl long-bonds

Bs  = 110 GPa



Effects of  radiation damage in δ- Pu (2)
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Ns short-bond
long-bond pairs

Nl long-bonds

We do the same for the density of  the 
short-bond long-bond pairs:

ρa = (ρd∗Nl + ρs*Ns)/( Nl + Ns) 

ρs = 22 g/cc.



Effects of  radiation damage in δ- Pu (3)
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• We know from DSC study that at 8 years, all the thermally-
recoverable effects of  damage have saturated.

• The only quantity linear at 8 years is the rate of  decay 
product production (U or He) of  30 ppm/yr.

• We know the bulk modulus of  the short-bond long-bond 
pairs and so we know how many must be produced per U to 
get the RUS results (0.2%/yr or 2000 ppm/year).

• Thus about 50 short-bond long-bond pairs per decay are 
retained.

• This yields a density increase of  about 600 ppm/yr opposite 
current thinking.
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Effects of  radiation damage in δ- Pu (4)
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We still do not know the number of  defects per decay 
produced by the U recoil flash heating:

• It is tempting to use the activation energy of  the RUS 
slope and assign it to the defect energy but too many 
things are going on at once:

• Ga diffusion.
• Thermal production of  defects.
• Self-annealing.



Effects of  radiation damage in δ- Pu (5)
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How can we determine the number of  defects per decay or equivalently, the energy 
per defect, that produce the DSC results?

• It is tempting to use DFT supercell calculations but the unit cell volume for those 
calculations is fixed so calculations of  the (testable) change in bulk modulus 
cannot be obtained.

• But we do know the total energy stored from DSC. So:
• If  we can see the DSC time scale in RUS measurements of  freshly-prepared 

material,  because we know how many defects produce a given change in bulk 
modulus, and the total energy, we get the number.

• If  we can see the DSC time scale in dilatometer measurements of  freshly-
prepared material,  because we know how many defects produce a given 
change in density, and the total energy, we get the number.

• Can we use the diffuse background in diffraction, pdf, or EXAFS to see the DSC 
time scale and get the number that way? Hard to do.

• Can we correct historical data for thermal buoyancy?



Effects of  radiation damage in δ- Pu (6)
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Implications:

• If  we confirm our predictions then we know the size we compute for defects is correct.

• We know that the thermally-recoverable defects saturate in a few months. 

• The 30 ppm/yr of  U production will after many months, produce about 2000 ppm/yr of  
defect clusters and so they should start to overlap at about 500 years.

• But Americium etc. tend to make short bonds less stable so this will start to reduce the 
stiffening and densification effects after a few decades.

• Although the Pu is stiffening, it is also densifying, so there is pre-compression of  
plutonium as it ages,
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We have not succeeded in answering all of our questions. Indeed, we
sometimes feel that we have not completely answered any of them. The
answers we have found only served to raise a whole new set of questions.
In some ways we feel that we are as confused as ever, but we think we are
now confused on a higher level, and about more important things.

-Author unknown
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